Introduction
In a seminal paper, Aurbach et al. 1 proposed that surface films formed on metallic lithium in propylene carbonate (PC) are not composed primarily of lithium carbonate, as suggested in earlier work by Bro 2 and Dey 3 , but of lithium alkyl carbonates, ROCO 2 Li, where R = alkyl group. This conclusion was reached based on ex-situ FTIR analysis of the surface layers, and comparison with spectra for reference compounds taken either from the literature or from compounds synthesized in the course of that study. In addition to PC, some experiments were also described for the linear carbonate, diethylcarbonate (DEC), using the same procedures. It was reported that lithium metal is not passivated in DEC, but dissolves completely to form a dark brown solution. The products were isolated, analyzed by FTIR and reported to be a mixture of lithium ethylcarbonate (CH 3 CH 2 OCO 2 Li) and lithium ethoxide (CH 3 CH 2 OLi). This paper was pioneering and formed the basis for later work, especially by Aurbach and co-workers 4, 5 . However, the actual IR spectra of the lithium alkyl carbonate reference compounds were not published either in reference 1 or in later work, only tabulations of frequencies and relative intensities (s = strong, m = medium, w = weak) were given. Comparison of any experimental spectra with these tabulations is therefore very subjective.
In the present work, we present for the first time a complete IR spectrum for an important reference compound, lithium methyl carbonate, and relate this spectrum to that from the surface of metallic lithium immersed from dimethyl carbonate (DMC 
The reaction paths are, however, not completely understood, as only the solid products have been analyzed by spectroscopy (XPS or IR) and that product identification has not been unambiguous. It is also unclear whether these two reaction paths are in parallel, occurring simultaneously at different rates, or in series, i.e. methoxide is actually the product of a subsequent reduction of methyl carbonate, as in
We also present here data for the thermal decomposition of lithium methyl carbonate, which can be useful in understanding thermal studies of passive films on lithium or carbon anodes in lithium batteries 7, 8 .
Experimental
Lithium methyl carbonate (LiOCO 2 CH 3 ) was synthesized at Army Research Laboratory, via a route modified from that used by Aurbach et al. 1 . The entire process of synthesis and purification was conducted in a dry-room with dew point below -80 o C.
Methanol was first dried over 3Ǻ molecular sieve and then over neutral alumina until the moisture level was less than 5 ppm as determined by Karl-Fischer titration (MettlerToledo after TGA experiment and the surface film on metallic Li, were conducted with the attenuated total internal reflection (ATR) method described in previous publications 9, 10 .
The FTIR measurements were performed in a He environment, and under no circumstances were the sample exposed to air. All the spectra were acquired at a resolution of 4 cm -1 and summed over 512 scans. during the thermal analysis, the TGA was housed in argon (Ar) atmosphere glovebag.
The optical path was sufficiently purged that the infrared signal from residual moisture and CO 2 was much smaller than that from the reaction products. The inert atmosphere working condition of the TGA-FTIR apparatus was checked using thermal analysis copper oxalate following work of Mullens et al. 11 . All the samples were transferred from an Ar atmosphere glovebox to the TGA sample chamber using a portable vacuum carrier with no transient air exposure. The mass loss measurements reported in this work have an accuracy of ±1%.
Results and Discussion
The purity of the synthesized lithium methyl carbonate is confirmed by the FTIR spectrum in Fig.1 , which is absent of any form of crystallized water, lithium hydroxide (LiOH) or absorbed water as indicated by the featureless spectral region above 3000 cm -1 .
The amount of lithium carbonate (Li 2 CO 3 ) in the sample is negligible as well. The molecular structure of lithium methyl carbonate was obtained from an ab-initio quantum chemical calculation at the HF/6-31G(d,p) level 12 for the two conformations shown in Fig.1 . The systematic error in calculated vibrational frequencies at the HF level was corrected by using empirical scaling factor of 0.8929 13 . Calculated vibrational frequencies based on the converged geometries are tabulated in Table 1 . Our calculated vibrational frequencies are very similar to those reported earlier for the same molecular conformations 14 using essentially the same computational methodology. Therefore, emphasis here will be placed on the assignment of our experimental vibrational modes in reference to calculations. Table 1 shows that the vibrational frequencies based on the dimer yields much better agreement with the experimental data than the monomer. 15 , and repeated in the tabulation by Aurbach et al. 1 ,
the agreement with our experimental spectrum and band assignment is generally very close, with two notable differences. In the original tabulation, the strong bands near 1640
and 1100 cm -1 were reported to be doublets, whereas our spectrum clearly shows sharp Having described the molecular structure and the vibrational modes in the infrared spectrum of LiOCO 2 CH 3 in some detail, we now discuss the surface film formed as a result of the chemical reaction between metallic lithium and DMC. The FTIR 8 spectrum of the resulting surface layer is shown in Figure 2 b. The relatively strong peak centered at 1670 cm -1 is qualitatively an indication of a carbonyl group on the surface with bond order of 1.5, i.e. the extent of delocalization of carbonyl group, but clearly this feature is not as sharp as that in reference compound, LiOCO 2 CH 3 (Fig. 2 a) Quantum chemical calculations indicate the observed frequency shift and intensity redistribution of the methoxy group are in consistent with two methoxy groups within a single molecule vibrating in-phase and out-of-phase. Although we could not find an improved match using other methoxy-containing reference compounds, some candidate molecules are suggested from the reaction mechanism discussed below.
In our earlier X-ray photoemission spectroscopy (XPS) study 6 of the surface reaction of metallic lithium with DMC, we clearly identified lithium methyl carbonate as one of the initial reaction products. However, as the temperature was raised, we could not clearly assign a molecular identity to the additional and/or subsequent reaction products.
Other The possibility of the continued reduction of lithium methylcarbonate (II) cannot be excluded, especially where this species is closer to lithium substrate. As route 4 and 5
show, this equivalent of a two-electron reduction process of DMC would eventually lead to a surface layer that entirely consists of lithium oxalate and methoxide. Since the radical species CH 3 O• has rather long lifetime, the formation of dimethyl peroxide, CH 3 O-OCH 3 , is also plausible. Unfortunately, it is very difficult to identify dimethyl peroxide by IR spectroscopy due to its high molecular symmetry. However, the spectral evidence of two methoxy groups in a molecule presented earlier supports the aboveproposed fate of CH 3 O•, e.g. methyl esters of oxalic acid (route 6)
We further studied the thermal decomposition of lithium methyl carbonate by dynamic TGA-FTIR. The mass loss profiles during thermal decomposition are presented in Fig. 3 . The most significant mass loss (ca. 45 %) was observed in the temperature range of 440 K -540 K. The derivative thermo-gravimetric (DTG) curve further revealed that the mass loss occured in two steps, at 480 K and 520 K, respectively. Two correspondingly well-defined endotherms in the derivative thermal analysis (DTA)
profile also indicated two-step thermal decomposition reaction pathway. In order to identify the thermal decomposition pathway associated with the DTG profile, the compositions of the gaseous decomposition products were continuously monitored by gas phase FTIR. In the temperature range from 300 K up to 700 K, CO 2 respectively, was plotted as a function of temperature along with DTG profile in Fig. 4 , panel A. Clearly, only CO 2 evolution is detected in gas phase FTIR during the first endothermic thermal decomposition reaction starting at about 400 K and reaching maximum at ca. 480 K. The most plausible reaction path consistent with experimental evidence would be
since the reverse direction of this reaction, as observed during the synthesis of lithium methyl carbonate from lithium methoxide, was exothermic. This reaction would leave CH 3 OLi as a solid residue, which was confirmed in post mortem FTIR analysis, as we will describe below.
As temperature reached 490 K, at the onset of the second endothermic peak centered at 525 K, a new gaseous product, CH 3 OCH 3 starts to appear, concomitant with increased CO 2 evolution. Judged by the two well-resolved peaks in DTA, it appears that the reaction (7) 
